Introduction
Adrenergic receptors (AR; a and b) are G proteincoupled receptors that bind and mediate the physiologic actions of catecholamines, such as epinephrine and norepinephrine. The bAR subtypes have been classified by the ability of agonists and antagonists to stimulate or inhibit a pharmacological or physiological response, to modulate ligand binding properties, or by the presence of characteristic mRNA. Three subtypes of bAR have been identified in mammalian tissues, which we abbreviate as b1AR, b2AR, and b3AR.
Porcine adipocyte lipid metabolism is modulated by bAR. Attempts to characterize the bAR subtypes in porcine adipocytes by measurement of physiological responses or ligand binding have not been successful. Multiple bAR binding sites are present on porcine adipocytes, but identity of the subtypes is unclear (Coutinho et al., 1992; Mersmann et al., 1993; Spurlock et al., 1993) . We have used the physiological measurement of stimulation or inhibition of lipolytic activity (Mersmann, 1984 (Mersmann, , 1992 and the more direct measurement of ligand binding to the receptor (Mersmann and McNeel, 1992a,b; Mersmann et al., 1993; Mersmann, 1996) but have not produced a clear indication of the bAR subtypes in porcine adipose tissue.
The use of Northern blots to identify the transcripts for bAR subtypes expressed in porcine adipose tissue suggested the presence of all three subtypes (McNeel and Mersmann, 1995) . Because qualitative Northern Table 1 . Characteristics of porcine-isolated DNA sequences a The b 1 , b 2 , and b 3 -adrenergic receptor ( b1AR, b2AR, and b3AR) primer sequences were obtained from Krief et al. (1993) . The b-actin primers were designed from the mouse sequence of Alonso et al. (1986) . b The position is relative to the sequence indicated from the species of the primer (tm = transmembrane domain; i = intracellular segment; e = extracellular segment).
c This nucleotide sequence is 91% homologous with human (Ponte et al., 1984) , 90% homologous with mouse (Alonso et al., 1986) , and 86% homologous with rat (Nudel et al., 1983) Sense: 5′-GCCTGCTGACCAAGAATAAGGCC-3′ Human i2 -i3 329 U53185 Antisense: 5′-CCCATCCTGCTCCACCT-3′ b3AR
Sense: 5′-GCTCCGTGGCCTCACGAGAA-3′ Human e1 -e2 305 U55858 Antisense: 5′-CCCAACGGCCAGTGGCCAGTCAGCG-3′
b-actin
Sense: 5′-GTGGGCCGCTCTAGGCACCA-3′ Mouse 25 -269 nt 245 c AFO54837 Antisense: 5′-CGGTTGGCCTTAGGGTTCAGGGGGG-3′ blots did not clarify the proportion of each subtype, we have used reverse transcription ( RT) coupled with PCR and ribonuclease protection assays ( RPA) to detect and quantify the steady-state concentrations of the bAR subtype transcripts in pig tissues. Rat tissues were used for comparison.
Materials and Methods

Animals
Female or castrated male crossbred pigs (Landrace × Yorkshire sow crossed to Hampshire or Duroc boar) were obtained from the Texas Department of Criminal Justice, Huntsville. Pigs weighed 14 to 25 kg and were fed Purina Laboratory Porcine Grower diet #5084 (PMI Feeds, Richmond, IN) . Pigs were stunned with a captive bolt pistol and exsanguinated. Male or female Sprague-Dawley rats (Charles River Laboratories, Portage, MI) fed Purina Rat Chow #5008 and weighing 400 to 700 g were killed in a CO 2 chamber. The animal use protocols were approved by the Baylor College of Medicine Animal Care and Use Committee.
RNA Extraction from Tissue
Total RNA was isolated from left ventricle, lung, liver, longissimus muscle, and upper plus middle subcutaneous adipose tissue from the neck and shoulder in pigs, and from the entire heart, lung, liver, mixed thigh muscle, and perigonadal adipose tissue from male and female rats. All tissues were quickly frozen in liquid nitrogen and stored at −70°C. Tissues were pulverized and weighed, and total RNA was extracted with the guanidinium-phenol-chloroform method (Chomczynski and Sacchi, 1987) as described earlier (McNeel and Mersmann, 1995) . All sample RNA were resuspended in diethyl pyrocarbonate ( DEPC)-treated water, quantified by spectroscopy using the A 260 value for RNA concentration, and stored at −70°C until use. All water used in any procedure was DEPC-treated. The quality of total RNA was assessed with the A 230 , A 260 , and A 280 values, but primarily by examining the relative intensities of the 28S and 18S ribosomal RNA bands stained with ethidium bromide after denaturing electrophoresis in 1% agarose containing .66 N formaldehyde in 20 mM MOPS buffer propanesulfonic acid) at pH 7, 8 mM sodium acetate, 1 mM EDTA at pH 8 as previously reported (McNeel and Mersmann, 1995) .
Reverse Transcription and PCR
Total RNA (20 mg ) was treated for 1 h at 37°C with 2 U of RQ1 RNase-free DNase (Promega, Madison, WI) in 40 mM Tris·HCL, pH 7.9, 10 mM NaCl, and 6 mM MgCl 2 in the presence of 20 U of RNasin, RNase inhibitor (Promega). After phenol extraction and ethanol precipitation, 5 mg of RNA was treated with 200 U of SuperScript II reverse transcriptase (Life Technologies, Gaithersburg, MD) in 20 mL of PCR buffer (20 mM Tris·HCL [pH 8.4 ], 50 mM KCl) containing 2.5 mM MgCl 2 , 10 mM DTT (1,4-dithiothreitol), and .5 mM each of dNTP and .5 mg of oligo (dT) [12] [13] [14] [15] [16] [17] [18] for 50 min at 42°C. This mixture was subsequently treated with 2 U of Escherichia coli RNase H for 20 min at 37°C. Varying amounts of the product cDNA were amplified using PCR in 50 mL of PCR buffer containing 200 nM each of sense and antisense oligonucleotide primers (Table 1 ); 1.5 mM MgCl 2 ; 200 mM each of dNTP, 10% dimethylsulfoxide (vol/vol), and 5% formamide (vol/vol); and 2.5 U of recombinant Taq DNA polymerase (Life Technologies). For amplification of probe products for cloning, 30 cycles were run in a PTC-100 thermal cycler (MJ Research, Watertown, MA) with denaturation at 94°C for 1 min ( 3 min in the first cycle), annealing for 1 min at 58°C, and an extension at 72°C for 2 min (10 Table 2 . Porcine-isolated DNA nucleotide homologies a References are 1 = (Frielle et al., 1987) ; 2 = (Machida et al., 1990) ; 3 = (Cao et al., 1998) ; 4 = (Emorine et al., 1989) ; 5 = Buckland et al., 1990) ; 6 = (Liang et al., 1997) min in the last cycle). The PCR products were visualized in a 1% agarose electrophoretic gel and sized using either a 100-bp ladder or a 1-kb ladder (Life Technologies). The PCR products of interest were extracted using the Qiaquick gel extraction kit (Qiagen, Santa Clarita, CA) per the manufacturer's instructions, and a partial direct sequence was obtained from these PCR products (forward and reverse) using a modification of the method developed by Sanger (Sanger et al., 1977) 
Cloning of PCR Products
The CloneAMP pAMP1 system (Life Technologies) was used for rapid subcloning of amplification products of interest. This system uses uracil DNA glycosylase to facilitate directional cloning of PCR products by designing amplification primers to include different deoxy-UMP residues at the 5′ end of the sense and antisense primers. Cloned products of interest were sequenced (forward and reverse), as above, and the homology of sequences obtained ( n = four clones for each sequence) was compared with sequences reported in GenBank (Table 2) . Sequence comparisons were performed with the Align Plus 3 software program (Scientific and Educational software, Durham, NC).
Gel Analysis of Radiolabeled PCR Products
The DNase-treated total RNA ( 5 mg ) was reversetranscribed as above. A control sample without reverse transcriptase was run in parallel to verify that amplification did not proceed from residual genomic DNA. Varying amounts of reverse-transcribed products were then amplified for 34 cycles in a total volume of 50 mL, as above, but with the inclusion of 5 mCi of [a-32 P]dCTP (3,000 Ci/mmol, Dupont NEN Research Products, Boston, MA). The amounts of porcine RNA, expressed on the basis of the original reverse-transcribed total RNA, were as follows: heart and lung = 96 ng for b1AR, b2AR, and b3AR; longissimus muscle = 240 ng for b1AR, b2AR, b3AR; subcutaneous adipose tissue = 240 ng for b1AR and 120 ng for b2AR and b3AR. The resultant PCR products were electrophoresed for 3 h at 125 V in a 2% agarose gel (120-mm length), and each lane was sectioned into 5-mm slices. The [a-32 P]dCTP content of each slice was determined after dissolving with agitation for 20 min in 1 mL of 4 M guanidine thiocyanate followed by liquid scintillation counting in 10 mL of Budget-Solve (Research Products International, Mount Prospect, IL). Radioactivity in each slice from the control samples (from genomic DNA because there was no reverse transcriptase present) was subtracted from the reverse-transcribed sample to obtain radioactivity specifically from total RNA.
Synthesis of Labeled Riboprobes and RNA Standards
Recombinant pAMP1 plasmids containing the sequences to be synthesized were linearized with the appropriate restriction enzyme, as indicated in Table  3 , and gel-purified by electrophoresis to isolate and recover the purified plasmid. For the generation of radiolabeled antisense RNA probe, transcription of the linearized plasmid was carried out using the Promega Riboprobe kit (Promega). Briefly, a 28-mL reaction volume was incubated for 1 h at 30°C. It contained 1 mg of the linearized plasmid; 40 mM Tris·HCl, pH 7.9; 6 mM MgCl 2 ; 2 mM spermidine; 10-mM NaCl; 7 mM DTT; 350 mM each of ATP, UTP, and GTP; 20 U of RNasin ribonuclease inhibitor; 75 mCi of [a-32 P]CTP (800 Ci/mmol, Dupont NEN); and 10 U of either T7 or SP6 RNA polymerase, as indicated in Table 3 . Each riboprobe was purified from unincorporated nucleotides by using a Biospin 30 column (Bio-Rad Laboratories, Hercules, CA) and was gel purified by electrophoresis in a 6% Long Ranger gel (FMC BioProducts, Rockland, ME). The gel was covered with plastic wrap, and the appropriately sized probe was identified by short-exposure autoradiography, excised, gel-eluted in DEPC-treated water at 37°C for 2 h, and stored at −20°C until used.
Unlabeled sense RNA (standard) was transcribed using the Promega Ribomax kit (Promega) from gel- ; 2 mM spermidine; 40 mM DTT; 5 mM each of ATP, CTP, GTP, and UTP; and 10 mL of the appropriate enzyme mixture (from the kit) was transcribed at 30°C for 4 h. The mixture was then treated with 5 U of RQ1 DNase and incubated at 37°C for 15 min. This reaction was phenol-extracted, ethanol-precipitated, and resuspended in DEPCtreated water. Unincorporated nucleotides were removed using a Biospin 30 column, and the resulting RNA standard was quantified spectrophotometrically at A 260 . One microgram of the RNA standard was electrophoresed in a 1% denaturing agarose gel and stained with ethidium bromide to verify the appropriate size and band purity of the standard. Unlabeled sense strand RNA was diluted to assay concentrations, aliquoted, and frozen at −70°C until use.
RNase Protection Assay
Levels of mRNA were quantified with an adapted RNase protection method previously reported (Saccomanno et al., 1992) . Total RNA or standard were combined with 32 P-labeled riboprobe (50,000 cpm/ sample) and were precipitated with ethanol in the presence of 20 mg of tRNA. The resulting pellet was resuspended in 30 mL of hybridization buffer (80% formamide [vol/vol] ; 40 mM PIPES[1,4-piperazinediethane sulfonic acid], pH 6.4; 400 mM NaCl, and 1 mM EDTA) at 65°C for 30 min, denatured for 5 min at 95°C, and hybridized for 18 h at 55°C. The unprotected fragments were digested for 60 min at 30°C by adding 250 mL of ribonuclease digestion buffer (50 mM sodium acetate, pH 4.4; 100 mM NaCl; 10 mM EDTA) containing 24 U/mL RNase T2 (Life Technologies). The efficiency of RNase T2 to digest 50,000 cpm of labeled probe protected with 25 pg of appropriate standard was tested using a range of 0 to 7.5 U RNase T2 per tube. Results indicated that digestion of the protected fragment reached a plateau at 6 U RNase T2 per tube; therefore, this concentration was used in all assays to prevent overdigestion. The full-length riboprobes contain additional vector sequences and are larger than the protected fragments. These nonhybridized portions are removed during RNase digestion to yield the smaller protected fragments. The lack of protected fragments after hybridization with yeast tRNA demonstrated probe specificity (data not indicated). Absolute values for the bAR subtype transcripts were determined by comparing the amount of protected fragment formed for each sample and the protected fragments for the sense RNA standards. Standard curves were linear within the ranges indicated in Table 3 . The range of sample total RNA used to measure the bAR subtype transcripts and the b-actin transcript for pig and rat is shown in Table 4 .
Gel Analysis of Protected Fragments
Gel analysis of protected fragments was essentially the same as previously reported (Saccomanno et al., 1992) . Briefly, following RNase digestion, 270 mL of 4 M guanidine thiocyanate was added along with 40 mg of tRNA to the RNase-digested standards and samples. This mix was precipitated with isopropyl alcohol, washed, and resuspended in equal portions of DEPCtreated water and 2× Gel Loading Buffer II (Ambion, Austin, TX) to a volume of 16 mL. The resuspended protected fragments were denatured for 7 min at 95°C and loaded onto 7% Long Ranger gels (20 cm × 20 cm × .75 mm) and electrophoresed for 3 h at 325 V. Autoradiography was performed on the dried gels at −70°C and exposed for 2 to 7 d. Signals were quantified by densitometric scanning using the UltroScan XL and Gel Scan XL program (Pharmacia LKB Biotechnology, Uppsala, Sweden). Representative gels showing the full length probe and protected fragments for b1AR, b2AR, and b3AR are presented in Figures 1 and 2 .
Filtration Analysis of Protected Fragments
Filtration analysis of protected fragments was adapted from a previously reported method (Hosoda et al., 1994) . Following RNase digestion, 500 mL of icecold 20% trichloroacetic acid ( TCA) was added to each RNase-digested standard and sample along with 20 mg of carrier salmon sperm DNA (Stratagene, La Jolla, CA). The tubes were incubated on ice for 20 min, at which time they were filtered through an A/E glass filter (Gelman Sciences, Ann Arbor, MI) using a Millipore filtering apparatus (Millipore Corp., Bedford, MA). The filters were washed three times with 3 mL of ice-cold 5% TCA and then once with 3 mL of 95% ethanol. The filter radioactivity of the standards and samples were determined by liquid scintillation counting, and samples were quantified as above. Residual binding of 50,000 cpm and 100,000 cpm of free [a-32 P]CTP to the filters after washing was shown to be 1.4 and .46%, respectively. Salmon sperm DNA was varied ( 0 to 50 mg ) to determine maximal precipitation and binding of labeled probe to the filters during the precipitation and washing procedure. Results indicated that maximal binding was obtained with the addition of 10 to 50 mg of salmon sperm DNA. From these results, 20 mg of salmon sperm DNA was chosen to ensure maximal binding of precipitated RNA fragments to the filter. Filtration analysis of protected fragments was used to generate data for the b1AR and the b2AR subtype transcripts (Table 5 ) because of the relative abundance of these transcripts, allowing the more convenient filtration assay. The values obtained from samples using filtration analysis were well correlated with the values of these same samples using gel analysis (data not shown).
Statistical Analysis
Statistically significant differences between group means were determined with Student t-tests, using 
Results and Discussion
Isolation of Porcine DNA Gene Sequences
Probes were isolated from total RNA for each bAR subtype and b-actin using RT-PCR. Total RNA was obtained from porcine left ventricle ( b1AR, b2AR, and b-actin) and porcine subcutaneous adipose tissue ( b3AR). The primers used and size of the porcine DNA sequences isolated are listed in Table 1 . All of the porcine gene sequences isolated had a high degree of homology with the same gene in heterologous species (Table 2 ). The fragments of the porcine bAR subtypes were individually highly homologous with other sequences of the same subtype (>83%) but were less homologous with the other two subtypes in pigs or other species (Table 2) . For example, the porcine b1AR was >93% homologous with other b1AR but <63% homologous with b2AR or b3AR from pigs or other animals.
The porcine DNA probe sequences ( b1AR, b2AR, b3AR, and b-actin) were each cloned into an expression vector. The 265-bp cloned DNA probe for the b1AR is a portion of an 1,111-bp nucleotide porcine b1AR sequence isolated and sequenced by this laboratory. This 1,111-bp sequence (Genbank U56425) translates to a 369-amino acid protein corresponding to the coding region from intracellular loop 1 to the stop codon of the human b1AR (Emorine et al., 1989) . This porcine amino acid sequence for b1AR is 88% homologous with the rat b1AR (Machida et al., 1990) , 90% homologous with the human b1AR (Emorine et al., 1989) , and 98% homologous to the porcine b1AR sequence (Cao et al., 1998) .
We used the human sequence b2AR primers as shown in Table 1 and described by Krief et al. (1993) to isolate a 329-bp gene sequence from pig heart total RNA by RT-PCR. This fragment was >87% homologous to the b2AR from other species and only 53 to 61% homologous to published b1AR and b3AR sequences (Table 2) . Our fragment resembles a b2AR. The Krief primers are in the same portion of the gene and of similar, but not identical, sequence to the primers used by Liang et al. (1997) . Despite this, the b2AR fragment isolated in our laboratory is only 83% homologous (Table 2 ) to the b2AR cloned by Liang et al. (1997) . We isolated our 329-bp fragment on four independent occasions, over 2 yr, each time using a sample of total RNA extracted from a different pig heart. Four to five clones from each isolation were each sequenced in the forward and reverse directions. We have seen no deviation from the sequence indicated.
To investigate the divergence between the Liang and McNeel sequences, we reverse-transcribed a total RNA sample from pig heart and used this single cDNA pool with several primer sets to produce gene fragments of the b2AR by PCR. When we used our b2AR primers (i.e., the Krief primers, Table 1 ), we isolated a 329-bp sequence that was 97% homologous to our original b2AR fragment but only 79% homologous to the b2AR cloned by Liang et al. (1997) . When we prepared forward and reverse primers from the Liang sequence (forward = bases 2,104 to 2,123 and reverse = bases 2,498 to 2,514), we isolated a 419-bp fragment that was 99% homologous to the Liang sequence but only 83% homologous to our sequence. We also used the Liang sequence at bases 2,181 to 2,201 to produce another forward primer, and, when coupled with the reverse primer at bases 2,498 to 2,514, it produced a 329-bp fragment that was 98% homologous to the Liang sequence and 81% homologous to our b2AR fragment. Thus, we are able to isolate distinctly different fragments from the same RNA sample and apparently from the same region of the b2AR. Even though both are > 80% homologous with published b2AR sequences and much less homologous with published b1AR and b3AR sequences, they are only approximately 80% homologous with each other. The data suggest there are two bAR with high sequence homology to b2AR in pigs. Are these "isoforms" of the b2AR subtype, or does one of them represent another bAR subtype? These interesting and novel questions will not be answered easily.
Qualitative Detection of βAR Subtype Transcripts
Utilizing RT-PCR of total RNA, we studied the tissue distribution of the bAR transcripts in porcine heart, lung, longissimus muscle, and adipose tissue. The lengths of the PCR-amplified products isolated, using primers specific for the gene of interest, agreed with the size of the gene specific porcine sequences isolated and cloned above and with those expected from the corresponding gene structures in other species (Tables 1 and 2 ). Despite efforts to optimize these assays, we found the results of repetitive RT-PCR irreproducible. These efforts included establishment of linear production of product within a range of the number of PCR cycles, the amount of template used, the concentration of dNTP, and inclusion of 0 to 10% formamide. The amount of product was inconsistent from run to run and even within a run using common reagents and sample templates. In our hands, data from this approach are qualitative only and do not represent a semiquantitative approximation.
The addition of [ 32 P]dCTP into the PCR mixture helped verify the position and specificity of the PCR product isolated and helped to detect any minor products not visible with ethidium bromide staining. With b1AR-specific primers, sectioning of the gel following RT-PCR yielded a single 265-bp radiolabeled product in porcine left ventricle, lung, longissimus muscle, and subcutaneous adipose tissue ( n = 3 for each tissue). Following RT-PCR with primers specific for b2AR, the sectioned gels yielded a single 329-bp radiolabeled product in the same pig tissues as above ( n = 3 for each tissue). Band sizes for the RT-PCR products for b1AR and b2AR were consistent with the sizes of isolated porcine probe sequences (Table 1) .
With primers specific for b3AR, sectioning of the gel following RT-PCR yielded a 305-bp radiolabeled product in one out of three samples from porcine left ventricle. Porcine lung yielded a 305-bp radiolabeled product in two out of three samples. Porcine longissimus muscle did not yield a RT-PCR product with b3AR primers ( n = 3). With the b3AR primers, porcine subcutaneous adipose tissue yielded a 305-bp radiolabeled RT-PCR product in all three samples tested. The 305-bp RT-PCR product obtained with the b3AR-specific primers is consistent with the size of isolated b3AR porcine probe sequence.
Initially, b-adrenergic receptors were classified into b1AR and b2AR subtypes. With the cloning of the b3AR from human (Emorine et al., 1989) , mouse , and rat (Granneman et al., 1991) , the tissue distribution of bAR subtype transcripts was studied across several species. Northern blot analysis revealed the presence of b3AR transcripts in rat adipocytes, liver, skeletal muscle, and ileum (Emorine et al., 1989) . However, there was significant nonspecific binding despite high-stringency hybridization. Later, Northern analysis suggested the presence of b3AR transcripts in rat white adipose tissue ( WAT) , rat brown adipose tissue ( BAT) (Muzzin et al., 1991) , mouse WAT and BAT , and human WAT (Revelli et al., 1993) . Most investigators have difficulty detecting the small amount of b3AR transcript in human WAT using Northern blots. Porcine subcutaneous WAT clearly contains transcript for b3AR as demonstrated in the mRNA fraction (McNeel and Mersmann, 1995) .
The more sensitive techniques of RT-PCR and RPA demonstrated b3AR transcripts in rat WAT and BAT (Granneman et al., 1991; Granneman and Lahners, 1992; Atgié et al., 1996) and also in rat skeletal muscle, lung, liver, left ventricle, and regions of the gastrointestinal tract (Evans et al., 1996) . The technique of RT-PCR suggested the presence of b3AR transcripts in human adipose, atrial, colonic, ileal, and gallbladder tissue (Granneman et al., 1993; Krief et al., 1993) . Another study, using RT-PCR, did not detect expression of b3AR transcript to any significant degree in several human tissues, including adipose (Thomas and Liggett, 1993) .
Using RT-PCR techniques, we observed b1AR and b2AR transcripts in porcine left ventricle, lung, skeletal muscle, and subcutaneous adipose. As in other species, b3AR transcript was present in porcine WAT and suggested in other tissues, such as heart and lung. There was no evidence of b3AR transcript in porcine skeletal muscle.
Quantitative Measurements of βAR Subtype Transcripts
The qualitative RT-PCR data suggest the presence of distinct transcripts for all three bAR subtypes in porcine tissues, but they do not clarify the proportion of the bAR subtype transcripts in each tissue. We used ribonuclease protection assays to quantify the steadystate concentrations of the bAR subtype transcripts in pig tissues. Rat tissues were examined for comparison. The cloned expression vectors containing the gene fragment of interest were linearized with the appropriate restriction enzyme and transcribed with T7 or SP6 RNA polymerase to obtain riboprobes (see Materials and Methods section and Table 3 ).
Absolute concentrations for b1AR and b2AR transcripts in heart, lung, liver, and skeletal muscle for rat and pig tissues are presented as attamoles per microgram of total RNA (Table 5 ). The ratios of b1AR/b2AR transcripts were not altered when the amount of each transcript was corrected for the concentration of b-actin in that sample. In porcine left ventricle, the amount of b1AR transcript was 2.5 times greater than b2AR transcript ( P < .05). The amount of b1AR transcript was twofold greater than the b2AR transcript in porcine lung ( P < .05). There was no apparent difference between the amounts of b1AR and b2AR transcripts in porcine liver ( P = .34) or skeletal muscle ( P = .14). In porcine tissues, the b1AR transcript concentration in left ventricle was 1.5 times greater than in the lung ( P < .05) and 3.5 times greater than in the liver ( P < .01) or skeletal muscle ( P < .01). For b2AR transcript concentrations in porcine tissues, the left ventricle contained twofold more transcript than skeletal muscle ( P < .01) and the same amount of b2AR transcript as the lung ( P = .22) or liver ( P = .57).
In rat heart, the amount of b1AR transcript was twofold greater than b2AR transcript ( P < .05). The amount of rat liver b1AR transcript was 1.5 times greater than the b2AR transcript ( P < .05). There was no difference between the amount of b1AR and b2AR transcript in rat lung ( P = .24) or rat skeletal muscle ( P = .20). In rat tissues, the heart b1AR transcript concentration was equal to that in lung ( P = .38), twofold greater than that in liver ( P < .05), and threefold greater than that in skeletal muscle ( P < .1). For rat b2AR transcript concentrations, the heart transcript concentration was half that found in the lung ( P < .1), twofold that in the liver ( P < .1), and equal to that in skeletal muscle ( P = .20) .
The distribution of b1AR and b2AR transcripts was similar in many cases between rats and pigs. The b1AR was greater than the b2AR transcript concentration in pig and rat heart. The b1AR transcript concentration equaled the b2AR transcript concentration in pig and rat skeletal muscle. However, there were differences between rat and pig tissues. In pig lung, the b1AR transcript concentration was greater than that of the b2AR transcript, whereas the concentration of these two subtype transcripts was equal in the rat lung ( b2AR numerically greater than b1AR). The pig liver possessed an equal number of transcripts for b1AR and b2AR, whereas the b1AR transcript concentration was greater than the b2AR transcript concentration in rat liver.
In heart tissues from pigs and rats, the concentrations of b1AR and b2AR transcripts were consistent with the b1AR and b2AR transcript values previously reported in human (Engelhardt et al., 1996) and pig (Ping and Hammond, 1994) . The proportion of b1AR: b2AR transcripts in pig left ventricle was 71:29, in agreement with the 74:26 reported for pig heart (Ping and Hammond, 1994) , and the 71:29 and 80:20 reported for human left ventricle (Engelhardt et al., 1996; Ihl-Vahl et al., 1996) . The b1AR and b2AR transcript concentrations found in pig and rat liver by this laboratory were consistent with those reported for rat liver (Hosoda et al., 1995) . Transcript values obtained for b1AR in lung tissue from rats and pigs agreed with those found in rat lung (Hosoda et al., 1995) .
The b2AR transcript concentrations found in this laboratory for rat and pig lung tissues were lower than those values reported in rat lung (Hosoda et al., 1995) . In our data, the proportion of b1AR:b2AR transcripts for rat lung tissue was 40:60 and 67:32 for pig lungs. The pig lung proportions found were in contrast to the b1AR:b2AR proportions reported in rat alveolar cells of 23:77 (Isohama et al., 1995) , the 25: 75 reported in rat lung (Hosoda et al., 1995) , and numerically lower than the 40:60 ratio we found in rat lung.
Tissue concentrations for bAR transcripts in pig subcutaneous and rat perigonadal adipose tissues are presented in Table 5 . The pig and rat b1AR/b2AR transcript ratio and the b1AR/b3AR transcript ratio were not altered after correction of each transcript subtype for b-actin (data not shown). In pig adipose tissue, the b1AR transcript concentration was threefold greater than the b2AR transcript in four paired samples ( P < .05). The b1AR transcript concentration was 4.5 times greater in porcine heart than in adipose tissue. The b2AR transcript concentration in pig adipose tissue was one-sixth that in pig left ventricle. For rats, the b1AR transcript concentration in the heart was 5.5 times greater than in the adipose tissue. Table 5 . Steady-state b1-, b2-, and b3-adrenergic receptor (b1-, b2-, and b3AR) transcript concentrations for pig and rat tissues a Ribonuclease protection assay values are expressed as amol/mg total RNA. b The number of animals is indicated as n. Samples for b1AR and b2AR were paired (i.e., analysis for both transcripts was on a single RNA sample from a single animal). The means between b1AR and b2AR in the same species and tissue were different ( P < .1), except in pig liver ( P = .34), pig skeletal muscle ( P = .14), and rat skeletal muscle ( P = .20 Gel analysis of the protected fragments rather than filter binding analysis of protected b3AR transcripts was used because preliminary experiments indicated low transcript concentrations. The ability to view small quantities of protected fragments on the gel rather than trying to distinguish them from background in filter binding analysis helped to verify their presence, however small (Figure 2 ). For pigs, b3AR transcript made up no more than .3% of the total bAR transcripts in left ventricle and lung, .7% in skeletal muscle, and was undetectable in the liver (Table 5) . The protected fragments from these tissues were clearly present on the RPA gel (Figure 2) . The protected fragments from lung appear to be of slightly different size and may not represent the b3AR transcript. Even if these are b3AR transcripts, they represent a minuscule amount of the total bAR transcripts ( Table 5 ). The b3AR transcript values indicated (Table 5 ) for pig left ventricle, lung, and longissimus muscle may be inaccurate because they represent major extrapolations from the standard curve. The possibility cannot be excluded that the small concentration of b3AR transcript in pig left ventricle and longissimus muscle may be a consequence of small amounts of adipose tissue in the tissue samples. It is difficult to define a physiologic role for the b3AR transcript and its receptor in these porcine tissues when the b3AR transcript concentration is 88-to 335-fold less than the concentration of b1AR transcript in the same tissue. Excluding the minimal contribution of b3AR transcript in all porcine tissues except adipose tissue, the proportion of b1AR:b2AR transcripts was 72:28 for the left ventricle, 67:23 for the lung, 45:55 for the liver, and 61:39 for the longissimus muscle.
Porcine adipose tissue contained significantly more b3AR transcript than any other pig tissue tested; however, this made up only 7% of the total adipose bAR transcripts. The proportion of b1AR:b2AR:b3AR transcripts in porcine adipose tissue was 73:20:7. The low proportion of b3AR transcript in porcine adipose tissue may help to explain the inability of saturation ligand binding assays in porcine adipocyte membranes to detect low-affinity b3AR receptors, even when the saturation curves were extended to 100 nM for [ 3 H]CGP 12,177 and to 3,000 pM for [ 125 I]iodocyanopindolol (Mersmann and McNeel, 1992b; Mersmann, 1996) .
Rat perigonadal tissue samples were also included in the gel RPA, as shown in Figure 2 and Table 5 . The rat adipose tissue b3AR transcript concentration (1.84 amol/g total RNA) was greater than the b3AR transcript concentration of any pig tissue. Isolated rat epididymal adipocytes are reported to have 3.4 amol/ mg RNA (Vicario et al., 1998) . The rat b3AR transcript concentration (Table 5 ) was threefold greater than the b1AR transcript concentration in the same tissue ( P < .05). There was approximately a 10-fold greater amount of b3AR transcript in rat than in pig adipose tissue RNA (13:1 not normalized or 7:1 corrected for b-actin). Rat adipose tissue has predominantly b3AR with approximately 10% b1AR and 1% b2AR whether measured by functional analysis or ligand binding; this distribution of bAR subtypes is also suggested by analysis of mRNA, although the techniques are semiquantitative at best (Feve et al., 1991 (Feve et al., ,1992 Granneman and Lahners, 1992; Collins et al., 1994; Krief et al., 1994; Germack et al., 1997) . In contrast, pig adipose tissue has predominantly b1AR transcript with 20% b2AR and less than 10% b3AR. Pigs and some other animals (human, guinea pig) have minimal adipose tissue b3AR (Lafontan and Berlan, 1993) .
The purported b3AR agonist, BRL 37,344, stimulates lipolysis in rat, hamster, dog, and rabbit adipocytes, but has poor efficacy to stimulate lipolysis in human adipocytes (Langin et al., 1991) . Porcine adipocytes bind BRL 37,377 with relatively high affinity, but this ligand does not stimulate lipolysis (Mills and Mersmann, 1995) .
The purported b1AR and b2AR antagonist and partial b3AR agonist, CGP 12,177, stimulates lipolysis in white fat cells from rats, hamsters, dogs, and rabbits; however, it is a poor lipolytic agonist for human and guinea pig white adipose cells (Langin et al., 1991; Lafontan and Berlan, 1993) . Porcine adipocyte membranes bind CGP 12,177; this b1AR and b2AR antagonist inhibits isoproterenol-stimulated porcine adipocyte lipolysis (Mersmann et al., 1993) . In a study of porcine adipose slices, CGP 12,177 acts as a partial agonist at concentrations greater than 500 nM in the presence of theophylline; its efficacy was only 35% of the efficacy of isoproterenol plus theophylline (Mersmann, 1996) . This result suggests the less than 10% b3AR may have some function in porcine adipocytes. The negative results with BRL 37,344 may not be contradictory, but they could reflect the ligand specificity of the porcine b3AR compared with the rat b3AR agonist.
The reasons for differences between rat and porcine adipocyte bAR pharmacology are not understood. The predominant b3AR in rat adipocytes compared with the predominant b1AR in porcine adipocytes (as evidenced by transcript concentrations) may explain some of the pharmacological differences. It is suspected that amino acid sequence differences, with consequent functional differences, also account for some of the pharmacological differences between species.
Implications b-Adrenergic receptors ( bAR) are important for the regulation of porcine adipocyte lipid metabolism and growth of adipose tissue. The three known bAR subtypes are differentially distributed in various tissues, yielding divergent pharmacological responses.
Through the use of polymerase chain reaction and ribonuclease protection assay techniques, we have described the distribution and concentration of these three known subtypes in several porcine tissues. The quantities of bAR subtype transcripts in porcine adipose tissues provide a baseline for studies of changes in subtypes and will allow interpretation of tissue pharmacology when coupled with the pharmacology of cloned subtypes.
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